This document is made available in accordance with publisher policies. Please cite only the published version using the reference above. Full terms of use are available:
Tunable electronic properties upon doping make laboratory-grown nanodiamond films a promising and intriguing platform for not only refining conventional electronics, but also developing superconducting quantum devices. In a variety of superconducting systems, mostly in layered materials and heterointerfaces, superconductivity exhibits a two-dimensional (2D) character as evidenced by the anisotropy factor ε = μ 0 H c2 /μ 0 H ⊥ c2 1, where μ 0 H c2 and μ 0 H ⊥ c2 are the in-plane and out-of-plane upper critical fields, respectively. Here, we report on the observation of an anomalous anisotropy of superconductivity in heavily boron-doped nanodiamond films, which had been considered a purely three-dimensional (3D) material owing to the minute value of its coherence length in contrast to the film thickness. We investigate the resistive superconducting transition as a function of the angle of the applied magnetic field. The angular dependence of the resistive superconducting transition reveals ε < 1 in the nanodiamond films, indicating an anomalous anisotropy of the superconductivity. Our structural analysis shows that the grain boundaries, particularly twin boundaries, divide the nanodiamond film into nanoscale fragments standing out of the plane. The counterintuitive anisotropic superconductivity is interpreted as a result of the quantum confinement of the superconducting order parameter in the presence of the columnar grain boundaries and intragrain twin boundaries. This research provides physical insight for developing nanodiamond-based miniaturized superconducting quantum devices by making use of the as-grown grain boundaries and/or twin boundaries.
I. INTRODUCTION
Superconducting thin films show great promise because they underpin the operation of a large variety of devices, e.g., superconducting tapes for the smart grid [1] , terahertz devices for high-speed communications and astronomical detection [2, 3] , superconducting quantum interference devices (SQUIDs) for geomagnetic survey [4] , etc. Apart from these well-known applications, superconducting thin * gufei@mci.sdu.dk † paul.may@bristol.ac.uk films have also drawn considerable attention for the emergence of intriguing phenomena as the dimensions are reduced, which can open routes to develop new functionalities and design better performing superconducting devices. The strong anisotropy of the superconductivity in quasi-two-dimensional (quasi-2D) cuprates and iron pnictides [5, 6] and the heterointerface between transition metal oxides [7, 8] , has been studied extensively to gain insight into the pairing mechanism in unconventional superconductors.
Another intriguing superconducting material is heavily boron-doped diamond [9] [10] [11] , which can be deposited in the form of thin films using the well-developed technique of chemical vapor deposition (CVD) [12] . Superconducting diamond in the form of a polycrystalline film offers additional opportunities for the investigation of its superconducting properties as a function of parameters other than the boron-doping level. Suppression and recovery of the superconductivity in a heavily boron-doped diamond film were previously achieved by ion irradiation and annealing, respectively [13] . By decreasing the mean grain size, a systematic reduction of the coherence length was realized in a set of nanodiamond films [14] . When increasing the mean intergrain spacing or the applied pressure, a bosonic insulating state emerged in nanodiamond films as a result of suppressed intergrain Josephson coupling and localized intragrain superconducting order parameter [15] [16] [17] [18] .
Owing to the minute value of the coherence length (ξ < 15 nm) [11] , superconducting diamond films had previously been considered a purely three-dimensional (3D) material. It had been argued that diamond films could be treated as 2D systems for the case of films with mean grain size comparable with the film thickness [19] , and so detailed reports have been devoted to unveiling 2D effects in nanodiamond films. For instance, a logarithmic divergence of the resistivity (a characteristic of 2D quantum corrections) has been reported for an 8-nm-thick nanodiamond film [20] , and a 2D phase in 300-nm-thick nanodiamond films has been identified through the Azlamazov-Larkin and Lerner-Varlamov-Vinokur scaling analysis of the resistive superconducting transition [21] .
Here, we show the anomalous anisotropy of superconducting nanodiamond films as revealed by angulardependent measurements of the resistive superconducting transition in applied magnetic fields. In contrast to other superconducting thin films, where the reduced vertical dimension leads to an anisotropy factor ε > 1 (see Ref. [22] ), our nanodiamond films demonstrate a value for ε < 1 and, thus, an out-of-plane coherence length larger than the in-plane value. By modeling the films as being composed of laterally layered diamond nanoscale fragments, we interpret the anomalous anisotropy as being a result of the confinement of the superconducting order parameter. The modeling is justified by our observation using transmission electron microscopy (TEM) of columnar grain boundaries and out-of-plane twin boundaries.
II. EXPERIMENT

A. Preparation of superconducting nanodiamond films
The superconducting nanodiamond films are deposited using a CVD process in a hot filament reactor [12] . In this process, a gas mixture consisting of 1% CH 4 in H 2 is passed over a tantalum filament that is resistively heated to a temperature of approximately 2000°C. The gas molecules thermally fragment resulting in a gaseous chemical "soup" of atoms, radicals, and ions that react together and diffuse around the chamber. Given the correct conditions, the carbon containing species crystallize onto a substrate surface to form crystalline diamond, rather than other forms of sp 2 -hybridized carbon such as graphite or fullerenes. In our case, the deposition is performed at a pressure of 20 Torr, a total gas flow of 200 sccm, and a substrate temperature of approximately 800°C. The substrate chosen is a 1 cm 2 undoped single-crystal (100) silicon wafer with a 30-nm-thick SiO 2 layer. Growth of diamond onto this nondiamond substrate is achieved by encouraging nucleation via seeding with nanodiamond particles prior to CVD. The particles are 4-10 nm in size and electrosprayed onto the substrate as a suspension in methanol [23] , resulting in a near monolayer of nanodiamond. The subsequent CVD process enlarges these seeds, which coalesce into a continuous film adhering to the substrate. The film continues to grow vertically, in our case to a thickness of 400 nm, via a van der Drift process, which produces a columnar structure of crystalline grains separated by grain boundaries containing a few atomic layers of nondiamond sp 2 -hybridized carbon material. For boron doping, 250 ppm of B 2 H 6 gas is added to the gas mixture, resulting in a B concentration within the diamond of approximately 10 21 cm −3 . The B is located in substitutional sites, turning the diamond into a p-type semiconductor at low doping levels and a metallic conductor at higher doping levels. The heavy B doping is sufficient to make our films metallic, as well as to impart superconducting behavior at temperatures less than 5 K (see Ref. [24] ).
B. Angular-dependent electrical transport measurements in magnetic fields
The electrical transport properties of the nanodiamond films are characterized in a Heliox 3 He cryostat by fourprobe ac measurements with a lock-in amplifier. The cryostat, equipped with a dc magnet, allows electrical transport measurements in different applied magnetic fields. The angular dependence of the resistive superconducting transition is measured by rotating the nanodiamond films by varying angles with respect to the applied magnetic field.
C. Structural analysis using TEM
For TEM observation, a cross section of the nanodiamond films is prepared by focused ion beam etching using a FEI Helios Nanolab 600i Dual Beam System. Bright-field TEM images, high-resolution TEM (HRTEM) images, and high-angle annular dark-field scanning transmission electron microscopy (HAADF STEM) images are acquired on a FEI Titan G 2 microscope fitted with an aberration corrector for probe-forming lens, operated at 300 kV.
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III. RESULTS AND DISCUSSION
To determine the mean grain size, a Zeiss Orion scanning helium ion microscope (SHIM) is used to image the surface of the nanodiamond films. Figure 1 (a) shows the characteristic granular morphology of the samples. Digital processing of the SHIM image yields the statistics of the grain size as shown in Fig. 1(b) . From the lognormal fit to the grain size distribution, the mean grain size at the surface is deduced to be approximately 270 nm. Note that this method provides an overestimate of the mean grain size, owing to the columnar, inverted pyramidlike growth mode of the diamond grains [14] .
Figures 2(a) and 2(b) show the characteristic thermoresistivity ρ(T) measured in magnetic fields perpendicular and parallel to the nanodiamond films, respectively. When increasing the applied magnetic field, μ 0 H, the superconducting state is suppressed, and the resistive superconducting transition is shifted towards zero temperature. Despite the great similarity between the two sets of data, the parallel magnetic field apparently shifts the resistive superconducting transition more efficiently to lower temperatures. To verify the difference between the influence of the perpendicular and parallel fields on the transition, we constructed the μ 0 H -T phase boundaries in Fig. 2 (c) by setting the criteria at 98%, 75%, and 2% of the normalstate resistivity ρ 10 K , respectively, for the determination of the superconducting transition temperature at given magnetic fields. The μ 0 H -T phase boundaries as determined by the 98%ρ 10 K and 2%ρ 10 K criteria, approximate the onset and offset of the resistive superconducting transition, respectively.
Superconducting thin films generally show an anisotropy close to the superconducting transition temperature, T c , because the third critical field μ 0 H c3 (in plane) near T c has a square-root-like behavior, whereas the out-of-plane upper critical field is always linear [25] [26] [27] . Accordingly, at first sight, the μ 0 H -T dependences as determined by the 98%ρ 10 K criterion [see Fig. 2 (c)] seem to be the μ 0 H c3 -T (in-plane) and μ 0 H c2 -T (out-of-plane) phase boundaries, respectively, as in any other superconducting thin film. In our nanodiamond films, however, the square-root-like phase boundary (inverted red triangles) is obtained in the out-of-plane fields, whereas the linearlike phase boundary (blue triangles) is measured in the in-plane fields. Thus, the square-root-like μ 0 H -T dependence (inverted red triangles) cannot be the μ 0 H c3 -T phase boundary as in other superconducting films but the μ 0 H ⊥ c2 -T phase boundary of the nanodiamond films, and the linearlike μ 0 H -T dependence (blue triangles) is the μ 0 H c2 -T phase boundary.
As shown in Fig. 2(c) , in contrast to the negligible difference between the influence of the perpendicular and parallel fields on the offset of the resistive superconducting transition, the μ 0 H -T phase boundaries as determined by 064042-3 the 98%ρ 10 K criterion distinctly deviate from each other at temperatures below the onset critical temperature and above zero. The deviation indicates that the upper critical field in the out-of-plane direction μ 0 H ⊥ c2 is larger than the in-plane critical field μ 0 H c2 , revealing an anomalous anisotropy of the superconductivity in the nanodiamond films. Moreover, the higher the criterion for determining the μ 0 H -T phase boundaries, the more pronounced the anomalous anisotropy (the larger the deviation between the phase boundaries measured in perpendicular and parallel fields) at temperatures below the onset critical temperature and above zero.
When extrapolating the phase boundaries down to zero temperature, we find that all the μ 0 H -T phase boundaries as determined by the 98%ρ 10 K and 2%ρ 10 K criteria are in good agreement with quadratic fits [see Fig. 2(c) ]. Furthermore, all the phase boundaries converge nearly at the same point at zero temperature, suggesting the possible presence of a quantum critical point. The quadratic fits yield a zero-temperature upper critical field of μ 0 H ⊥ c2 (0 K) = μ 0 H c2 (0 K) ∼ 4.1 T, which gives rise to a Ginzburg-Landau coherence length of ξ GL = [ 0 /2π H c2 (0 K)] 0.5 = 9 nm with 0 = h/2e being the flux quantum.
In a relatively high magnetic field of 5 T, the nanodiamond films demonstrate an insulating state. By plotting the thermoresistivity as a function of T −0.25 on a semilogarithmic scale, we analyze the fermion hopping mechanism, as shown in Fig. 2(d) . It is found that the high-temperature part of the ρ(T) curves are in good agreement with the variable range hopping model (Mott's law in three dimensions)
where T 0 characterizes the strength of single quasiparticle correlation [14, 28] . The ρ(T) curves, however, deviate from the linear fits below 1.5 K, owing to the remnant superconductivity [14, 15] . In contrast to the ρ(T) curve measured in the perpendicular field, the data measured in the parallel field deviate less from the theory at low temperatures. This phenomenon suggests that the applied magnetic field suppresses the superconductivity more efficiently in the in-plane direction, which is consistent with the difference between the in-plane and out-of-plane upper critical fields as shown in Fig. 2(c) .
To gain further insight into the anisotropy of superconductivity, we measure the resistive superconducting transition by systematically tuning the angle of the applied magnetic field θ . fields. A further increase of θ above 90°leads to the backward shift of the transition.
From the resistive superconducting transition in Fig. 3 , we extract the angular dependences of T c at 0.5 T [see Fig. 4(a) ] and the critical field at 0.5 K [see Fig. 4(b) ] by setting the criterion at 2%, 25%, 50%, 75%, and 98% of the normal-state resistivity, respectively. As shown in Fig. 4 , both T c and the critical field systematically decay when the magnetic field is oriented out of the perpendicular direction. When reaching the onset of the superconducting transition, both the decays of T c and the critical field (the superconducting anisotropy) disappear, owing to the annihilation of the superconductivity (see Fig. 3 ). In the case of temperature-driven superconductor-metal transition at 0.5 T, the anomalous anisotropy is diminished close to the onset of the resistive transition [see Fig. 4(a) ], whereas in the case of magnetic-field-driven phase transition at 0.5 K, the increase of the anisotropy persists even up to 98% of the transition [see Fig. 4(b) ]. The difference in the temperature and field dependences of the anisotropy is because, in contrast to magnetic fields, temperature suppresses superconductivity more efficiently. The μ 0 H -θ dependence, as determined by the 98% criterion, provides an approximation of the upper critical fields at 0.5 K, giving rise to ε = 0.91. Based on the μ 0 H -θ dependence in Fig. 4(b) , we found that at 0.5 K ξ GL ranges from 8.67 nm (in plane) to 9.53 nm (out of plane). Owing to the reduced dimension in the out-of-plane direction, superconducting thin films generally show a value for ε > 1 and, thus, a larger in-plane ξ GL (see Refs. [22, 26] ). Our nanodiamond films, however, demonstrate the opposite case, with ε < 1 and a larger out-of-plane ξ GL .
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The Ginzburg-Landau effective mass model (GLEMM) is commonly used to analyze the anisotropy of superconducting thin films [22, 29] . According to the GLEMM where only the orbital pair-breaking effect is considered [30] , the angular dependence of the upper critical field H c2 (θ) in a 3D system is written as
Figure 5(a) shows the deviation of our experimental data from the angular dependence of the upper critical field calculated using the 3D GLEMM. When the applied magnetic field is oriented out of the perpendicular direction, the measured upper critical field decays faster than the calculated curve, suggesting an additional pair-breaking effect in our nanodiamond films, that is, the Pauli effect [31] . The anomalous superconducting anisotropy in our nanodiamond films cannot take place unless the lateral confinement of the superconducting order parameter, , dominates over the vertical confinement of . Accordingly, we interpret the scenario by treating the superconducting nanodiamond films as a 2D network of potential wells such as U i , U j , and U k in Fig. 5(b) . Upon the onset of the resistive superconducting transition, superconducting droplets i , j , and k are formed and localized in U i , U j , and U k , respectively. Despite the macroscopic form of the thin film, the bulk behavior is mostly determined by the confinement of the superconducting order parameters in the presence of microscopic potential variations. In the case that the potential barriers generally lie approximately in the out-of-plane direction, it is easier for an in-plane field to suppress the bulk superconductivity, because the superconducting droplets are separated by nonsuperconducting barriers in this direction. Accordingly, the in-plane critical field is lower than the out-of-plane value [see Fig. 4(b) ].
In the vicinity of the offset of the resistive superconducting transition, phase coherence is established over a 064042-5 macroscopic scale via the proximity effect and/or Josephson coupling between the superconducting droplets. As a result of the delocalization of the superconducting order parameters, the sample becomes more like a conventional superconducting thin film rather than a 2D array of superconducting droplets from the point of view of electrical transport. Nevertheless, the anomalous anisotropy diminishes, owing to the large ratio of the film thickness to ξ GL . Therefore, the μ 0 H -θ dependence, as determined by the 2% criterion, shows a diminished anisotropy in contrast to that of the 98% criterion [see Fig. 4(b) ].
Our interpretation of the anomalous anisotropy of the superconducting nanodiamond films is justified by the observation of a large number of grain boundaries and twin boundaries in the out-of-plane direction. Figure 5(c) shows a TEM image of the cross section of the nanodiamond films. The thin film has a thickness of approximately 400 nm and is composed of diamond nanocrystallites. Grain boundaries can be clearly identified from the images, which are mostly near normal to the substrate surface, i.e., the out-of-plane direction. Twin boundaries can be further noticed from the granular thin film, and a typical twin boundary is indicated by a red arrow. HRTEM images were obtained from the twin boundary, as demonstrated in Fig. 5(d) . The corresponding fast Fourier transform (FFT) pattern is shown in Fig. 5(e) , and can be indexed into two sets of [110] diamond, indicated by green and cyan, respectively. Therefore, a twinning plane of (111) is confirmed and indicated in both Figs. 5(d) and 5(e).
CVD diamond films often contain many twin boundaries. The mechanism for twin formation during growth is still not properly understood, but one theory is that it results from the addition to the diamond lattice of carbon species other than methyl (CH 3 ), the main growth species. These other reactive species, such as C 2 , C 2 H, or larger hydrocarbon radicals, are present at the growth surface in significantly lower concentrations than methyl, and so their addition to the diamond lattice is a rare event. Unlike methyl, which adds to the surface in an ordered way and propagates the diamond lattice, the other larger species have a small possibility of attaching in a way that does not follow the lattice template, i.e., crookedly, such that a second crystallite, a twin, nucleates from the first [32] . The boundaries between twins is usually atomically sharp but they can still affect the overall characteristics of the films, for example by scattering phonons thereby hindering phonon-mediated Cooper pairing and electrical transport, reducing thermal conductivity, and lowering film transparency.
Based on structural analysis, the observed anomalous anisotropy is well explained by modeling the superconducting nanodiamond films as networks of weak links (grain-boundary-grain junctions). A network composed of ordered uniform weak links should give rise to the emergence of the characteristic features of the Josephson effect, e.g., zero-bias supercurrent, modulations of the critical current as a function of magnetic field, and oscillations of the magnetic field dependence of resistivity [33] , yet no such characteristic features of the Josephson effect have been reported for granular superconducting diamond. However, Josephson-effect-like traits such as current-induced Josephson noise have been observed in nanodiamond films [34] , and strong intergrain and intragrain fluctuations of the superconducting order parameter have been reported for superconducting granular diamond by scanning tunneling microscopy/spectroscopy [10, 15, 18] . The absence of pronounced Josephson effect in nanodiamond films is highly likely owing to the high degree of disorder. In contrast to the simplified network model, the high degree of disorder caused by the randomly oriented grain boundaries [see Fig. 1(a) ], the broad grain size distribution [see Fig. 1(b) ], and complex boundary conditions [10, 14] , can smear out the characteristic features of the Josephson effect in electrical transport measurements which characterize the bulk properties. Our interpretation suggests that the anomalous anisotropy of superconductivity will become weaker, when increasing the ratio of the lateral and vertical sizes of the nanodiamond fragments. Relevant experimental designs, however, need to fulfill the requirement that when tuning the crystallite geometry, the percolation paths for Cooper pairs should not be reduced in the granular disordered nanodiamond films.
Various miniaturized SQUIDs are being developed for advanced applications such as mesoscopic magnetic imaging [35, 36] and quantum information processing [37] . As the key components of the SQUIDs, the weak links were created by either generating deformations in superconducting microstructures [38] , preparing a layered system where an insulator is sandwiched in between two superconductors [35, 36] , or making use of the boundary between biepitaxial superconducting films [37] . The as-grown grain boundaries and twin boundaries in our superconducting nanodiamond films provide the basis for the development of diamond-based scanning nano-SQUIDs. When isolating certain grain boundaries or twin boundaries from the granular disordered diamond thin film through nanofabrication, the boundary junctions can be used as robust tips for scanning surface magnetic fields with high spatial resolution.
IV. CONCLUSION
By monitoring the angular dependence of the resistive superconducting transition in magnetic fields, we investigate the superconducting anisotropy of heavily borondoped nanodiamond films. Our investigation reveals an anomalous superconducting anisotropy of this material. In contrast to 2D superconducting systems, the diamond thin films demonstrate an out-of-plane critical field higher than the in-plane value. Based on structural analysis, we interpret the anomalous anisotropy as a result of the confinement of the superconducting order parameter in the presence of columnar grain boundaries and intragrain twin boundaries, which lie in the out-of-plane direction. Our research reveals that grain and twin boundaries can play an essential role in determining the dimensional characters of a superconducting system. Our data suggest that the naturally formed Josephson junctions at twin boundaries and grain boundaries can be used for the development of diamond-based SQUIDs.
